We develop a new formalism to describe the inclusive production of small radius jets in heavyion collisions, which is consistent with jet calculations in the simpler proton-proton system. Only at next-to-leading order (NLO) and beyond, the jet radius parameter R and the jet algorithm dependence of the jet cross section can be studied and a meaningful comparison to experimental measurements is possible. We are able to consistently achieve NLO accuracy by making use of the recently developed semi-inclusive jet functions within Soft Collinear Effective Theory (SCET). In addition, single logarithms of the jet size parameter α n s ln n R are resummed to next-to-leading logarithmic (NLLR) accuracy. The medium modified semi-inclusive jet functions are obtained within the framework of SCET with Glauber gluons that describe the interaction of jets with the medium. We present numerical results for the suppression of inclusive jet cross sections in heavy ion collisions at the LHC and the formalism developed here can be extended directly to corresponding jet substructure observables.
I. INTRODUCTION
In heavy-ion collisions at RHIC and LHC, a quarkgluon plasma (QGP) can be created and studied by using both hard and soft probes [1] . Jets are produced in hardscattering events and constitute one of most frequently studied examples of hard probes in heavy-ion collisions. Jets traverse the hot and dense QCD medium and are identified as energetic and collimated sprays of particles in the detectors. Examination of their properties can, therefore, provide information about the QGP. The LHC experimental collaborations CMS [2] , ATLAS [3] and AL-ICE [4] have provided precise data sets for the inclusive production of jets in both proton-proton and heavy-ion collisions. In heavy-ion collisions jets are modified, or quenched, due to the interaction with the QCD medium. Most commonly, the quenching of jet production yields is studied using the nuclear modification factor R AA , which is given by the ratio of the respective cross section in heavy-ion collisions normalized by the corresponding proton-proton baseline. In order to reliably extract information about the QGP from the available data sets, it is important that the experimentally achieved precision is matched with corresponding theoretical calculations. This is precisely what we are going to address in this work.
The identification of jets relies on a jet algorithm that specifies when particles are clustered together into the same jet. Typical algorithms used by the experimental analyses involve for example the anti-k T and the cone algorithm [5, 6] . In addition, jets are defined by the jet parameter R which represents the size of the identified jets, see e.g. [7, 8] for more details. The first non-trivial order in the perturbative expansion of the cross section where these specifications play a role is next-to-leading order (NLO) in QCD. Therefore, full NLO is the minimally required perturbative order allowing meaningful comparisons between theory and the experimental measurements. In addition, parton distribution functions (PDFs) are fitted at NLO, typically for larger values of R ∼ 0.7. For the analyses of heavy-ion collisions, however, the jet size parameter is typically chosen to be relatively small, R ∼ 0.2 − 0.4, in order to minimize fluctuations in the heavy-ion background. The perturbative series exhibits a single logarithmic structure α n s ln n R to all orders in the QCD strong coupling constant, which have to be resummed to render the convergence of the perturbative calculations.
Such a ln R-resummation has recently been achieved for proton-proton collisions to next-to-leading logarithmic (NLL R ) accuracy [9] within the framework of Soft Collinear Effective Theory (SCET) [10] [11] [12] [13] . See [14] [15] [16] [17] for related work along these lines. It was also demonstrated that the cross section for inclusive jets can be factorized into convolution products of PDFs, hard functions and so-called semi-inclusive jet functions J i (z, ω J R, µ) (siJFs) [9] . The siJFs describe the formation of a jet with energy ω J and jet parameter R originating from a parent parton i at scale µ. They satisfy the same timelike DGLAP equations that govern the scale evolution of fragmentation functions. By solving the DGLAP equations, the resummation of logarithms ln R can be achieved. For values of R in the range of 0.2 − 0.4, fixed NLO calculations fail to describe the experimental data [2] . When the resummation of ln R terms is included, good agreement can be achieved, as we will show below. The need of ln R resummation to describe the proton-proton baseline makes this the ideal starting point to also study inclusive jet production in heavy-ion collisions. In this work, we extend our earlier calculations for proton-proton collisions to heavy-ion collisions. See for example [18] [19] [20] [21] [22] [23] [24] [25] for earlier work on the description of jets in heavy-ion collisions.
We address the medium modification within the effective field theory (EFT) framework of SCET with Glauber gluons which is generally denoted by SCET G [26, 27] . The interaction of collinear quarks and gluons with the hot and dense QCD medium can be described via the exchange of Glauber gluons. Within SCET G , the relevant interaction terms are included at the level of the Lagrangian. By making use of the collinear sector of the corresponding EFT, the full collinear in-medium splitting functions have been derived in the past years to first order in opacity [28] [29] [30] [31] . When finite quark masses are neglected, the in-medium splitting functions are given by the vacuum splitting functions times a modification factor that depends on the properties of the medium. The opacity expansion for the medium interactions is analogous to the traditional Gyulassy-Levai-Vitev (GLV) approach to parton energy loss in the QCD medium [32] . At first order in opacity, an average number of uncorrelated interactions with the medium is taken into account. Higher orders in the opacity expansion correspond to correlations between the interactions which are yet to be calculated and are neglected in this work. In the traditional GLV approach, all radiated gluons in the splitting processes are approximated to be soft. Within SCET G , one can go beyond this approximation and obtain full control of the collinear dynamics of splitting processes in the medium. For example, the in-medium splitting functions have already been successfully applied to describe the modification of light hadrons [33, 34] as well as heavy flavor mesons [31] in heavy-ion collisions.
In this work, we derive an analogous treatment of the in-medium effects for inclusive jets by defining in-medium siJFs. In the vacuum, the siJFs can be written in terms of collinear vacuum splitting functions. In the medium, we need to include additional contributions to the siJFs that can be expressed in terms of collinear in-medium splitting functions derived from SCET G . In general, both radiative and collisional energy loss can play a role in modifying jet production in the medium. In this work, we concentrate on the high-p T jets and thus only consider radiative energy loss, and will leave collisional energy loss for future publications. In addition, we include Cold Nuclear Matter (CNM) effects.
The remainder of this paper is organized as follows. In Section II, we recall the basic framework for inclusive jet production in proton-proton collisions for small-R jets. We outline a consistent extension of the jet cross section to heavy-ion collisions using the in-medium collinear splitting functions obtained within SCET G . In Section III, we present numerical results for the nuclear modification factor R AA and we compare to recent data from the LHC. Finally, we draw our conclusions in Section IV.
II. THEORETICAL FRAMEWORK
We start by summarizing the main results of [9] for inclusive jet production in proton-proton collisions. We then outline how this framework can be extended to the heavy-ion case.
A. Proton-proton collisions
The factorized form of the double differential cross section for inclusive jets with a given transverse momentum p T and rapidity η is given by dσ pp→jetX dp T dη = a,b,c
Here, we suppressed the arguments of the various functions for better readability. See [9] for more details. The symbols ⊗ denote convolution products and we are summing over all relevant partonic channels. The f a,b denote the PDFs, H c ab are hard-functions and the J c are the siJFs. The hard-functions are evaluated up to NLO and were shown [9] to be the same as the hard-functions for inclusive hadron production pp → hX, see [35, 36] . Note that Eq. (1) is a factorization of purely hard-collinear dynamics, i.e. no soft function is needed. The siJFs are perturbatively calculable functions that describe the formation of the observed jet originating from a parent parton.
If both H c ab and J c are expanded to NLO, we get back to the standard NLO results for inclusive jets as derived in [8, 37, 38] . Within the framework developed in [9] , we can go beyond the fixed order approach. Using the siJFs in Eq. (1) represents an additional final state factorization. As pointed out in [14, 15] , fixed order jet cross sections can have a vanishing, unphysical scale dependence. This problem is overcome by using the factorized form of the cross section in Eq. (1), where the interpretation of the QCD scale uncertainty as a measure of missing higher order corrections is restored. See [9] for numerical results concerning the scale dependence.
In [9] , the siJFs J i (z, ω J R, µ) were calculated to NLO from their operator definition within SCET. We have z = ω J /ω, where ω J (ω) denotes the jet (initiating parton) energy. Here, we summarize only the results for quark initiated jets to keep the discussion short. Up to NLO, one has to consider the diagrams presented in Fig. 1 for jets that are initiated by an outgoing quark. (A) corresponds to the leading-order (LO) diagram. To LO, one finds J (0) q (z, ω J R, µ) = δ(1−z). At NLO, one has to consider the contributions (B)-(E). Here (B) corresponds to a splitting process, where both final state partons are in the jet. (C) is a virtual correction and (D), (E) are the contributions, where one of the final state partons exits the jet. All contributions (B)-(E) can be written in terms of integrals over the quark-to-quark or quarkto-gluon LO Altarelli-Parisi splitting functions [39] . We make use of this fact below when deriving the in-medium siJFs. For completeness, we present here the result for the quark siJF in dimensional regularization up to NLO for the anti-k T algorithm
where P(z) and P gq (z) are the usual LO Altarelli-Parisi splitting functions. The remaining 1/ pole is a UV pole which is removed by renormalization. The associated RG equations turn out to be the same DGLAP evolution equations that are also satisfied by fragmentation functions, which describe the transition of a final state parton into a specific observed hadron. In other words, the DGLAP equations for the siJFs read
where we omitted again the arguments of the involved functions. These evolution equations can be solved in Mellin moment space using the methods developed in [40, 41] . By solving the DGLAP equations, we obtain the evolved siJFs as they appear in the factorization theorem in Eq. (1). The resummation of terms ∼ ln R is achieved by choosing µ ∼ ω J tan(R/2) ≈ p T R in Eq. (2) which eliminates terms ∼ ln R in the fixed order result. We then evolve the siJFs through the DGLAP equations from this characteristic scale to the hard scale µ ∼ p T . In section III, we present some numerical results at NLO+NLL R accuracy showing the impact of the ln R resummation for narrow jets. Note that in (2), we chose to express the result in terms of the initiating parton energy ω = ω J /z. This convention differs from the one chosen in [9] . The different convention results in an additional term ∼ −2 ln z in the second line in of Eq. (2). In principle, ω J is the relevant external quantity as it is related to the observed jet transverse momentum ω J = 2p T cosh η. However, the underlying structure of the siJFs becomes more apparent when writing the result in terms of the energy ω of the initiating parton. This will be particularly relevant for deriving the in-medium siJFs below. Also note that the sum rule for the siJFs associated with momentum conservation of the initiating parton i,
(anti-k T algorithm) only holds when expressing the siJFs in terms of the parton energy ω instead of the jet energy ω J , see also [17] .
B. Heavy-ion collisions
We now turn to the cross section for inclusive jets produced in heavy-ion collisions. First, we note that the QGP is only present in the final state after the hardscattering event. Therefore, it is sufficient to modify only the siJFs which capture the formation of the observed jet. Second, all Feynman diagrams shown in Fig. 1 that are relevant for the vacuum also appear in the medium calculation. In other words, in the heavy ion collisions, the siJFs obtained in proton-proton collisions are modified as
where
are the vacuum contributions, and J med i are the in-medium siJFs that take into account medium interactions.
The Feynman diagrams that contribute to J med i can be obtained from the corresponding vacuum ones shown in Fig. 1 . As an example, see Fig. 2 for the relevant so-called single-Born (SB) diagrams A med SB for the case that both partons remain inside the jet (B). In addition, we need to calculate double-Born (DB) diagrams A med DB where two interactions with the medium are considered. The relevant diagrams are not shown here explicitly. In order to obtain a physical in-medium cross section, we schematically need to calculate the combination
where A vac denotes the vacuum diagrams as shown in Fig. 1 . See [27, 31] for a more detailed discussion.
As mentioned above, in the calculation of the vacuum siJFs J vac i , all contributions (B)-(E) in Fig. 1 can be expressed in terms of integrals over the LO real emission splitting functions P ji (z, q ⊥ ). For example, for a quarkto-quark splitting, we have
where we include explicitly a 1/q ⊥ (its transverse momentum dependence) relative to the Altarelli Parisi splitting functions used above. See Ref. [9] for more details. In order to obtain the corresponding in-medium siJFs J med i
, the vacuum splitting functions P ji (z, q ⊥ ) are replaced with the collinear in-medium splitting functions P med ji (z, q ⊥ ) derived from SCET G . With all quark masses set to zero, one finds that they have the following structure
where the characteristics (properties) of the medium are collectively denoted by β [33] . The functions f ji (z, q ⊥ ; β) describe the modification of the vacuum splitting function due to the presence of the QCD medium. The SCET G splitting functions can be partly evaluated analytically. The explicit form of the relevant SCET G inmedium splitting functions for massless partons can be found for example in [28] . Eventually, they have to be integrated also over the size of the medium and the transverse momentum transfer that is acquired due to the medium interactions. These integrations can only be evaluated numerically, as they depend on the specific properties of the medium. Therefore, we have to find a way to evaluate the in-medium siJFs J med i numerically, such that all divergences that appear only at the intermediate steps of the calculation cancel. For the calculation of the in-medium siJFs, we choose to work in a cut-off scheme rather than dimensional regularization in order to facilitate the numerical evaluation. A single regulator µ cutting off UV divergences is sufficient as there is only one remaining UV divergence once the contributions from all diagrams are taken into account. This can also be seen from the vacuum result of the quark siJF in dimensional regularization in Eq. (2), where there is only one 1/ UV pole left. Note that in dimensional regularization, the virtual correction as shown in Fig. 1 (C) leads to a scaleless integral. Effectively, it only changes IR poles into UV poles. However, in order to work out the in-medium result numerically, we have to explicitly take this contribution into account.
We now present the expressions for the individual contributions (B)-(E) to the quark siJF written in terms of integrals over splitting functions. Here, we generally write the splitting functions as P ji (z, q ⊥ ). For J where both partons are inside the jet, cf. Fig. 1  (B) . The dotted lines represent the interaction with the QCD medium via Glauber gluon exchange. associated with diagram (B), where both partons are inside the jet, as the following integral over the quark-toquark splitting function [9, 42] 
Note that here we can use the energy of the initiating parton or the jet as the delta function enforces z = 1 or equivalently ω = ω J . We would like to point out that the result for (B) by itself is divergent both in the vacuum and in the medium. This can be most easily seen for the vacuum case using dimensional regularization, where one finds both double poles 1/ 2 and single poles 1/ [9] . In order to evaluate the in-medium result numerically, we first have to appropriately combine the result in Eq. (9) with the other contributions (C)-(E). We continue with the virtual correction shown in Fig. 1 (C) . Following [43] , this contribution can be written as
where we introduced the UV cut-off µ as the upper integration boundary of the q ⊥ integral. Both contributions (B) and (C) are ∼ δ(1 − z) and we can directly combine them as
(11) The contribution from the diagram (D), where the gluon exits the jet can be written as
where symmetry of the lower integration boundary with respect to z ↔ 1 − z is obtained by using the energy ω instead of ω J . Note that the contribution (D) in Eq. (12) by itself is divergent for z → 1 as
Similarly, the result for (B) + (C) in Eq. (11) two results have a very similar structure and they can be combined together by introducing a plus distribution:
where the plus distribution is defined as usual via
. (13) Apparently such a combination written in this form is finite for z → 1.
Finally, for the case that the gluon makes the jet and the quark is outside of the jet, we have
The splitting function P gq (x, q ⊥ ) describes the quark-togluon splitting process and can be obtained from Eq. (7) by substituting x → 1 − x. Diagram (E) is finite by itself for z → 1. When summing over all diagrams at NLO (B)-(E), we can write the result as
The result for J med q written in this form is finite for z → 1 and we only need the upper UV cut-off µ, which is suitable for numerical implementations and integrations.
The structure of the result in Eq. (15) is completely analogous to the sum of real and virtual NLO corrections to the partonic calculation of fragmentation functions (FFs), see [31, 43] . Note that for jet production the sum of diagrams (B) + (C) in Eq. (11) is analogous to the virtual NLO correction for FFs. On the other hand, the results from diagrams (D) and (E) involving radiation outside of the jet corresponds to the real correction for FFs. This close analogy allows us to treat the medium modification of hadron and jet production yields in heavy-ion collisions essentially on the same footing. The result for the gluon siJF can be obtained in an analogous way. However, there are some subtleties when introducing the plus prescription. The same issues were discussed in details in [31] in the context of heavy flavor production in heavy-ion collisions.
Finally, following the additive structure of the vacuum and in-medium siJFs described in Eq. (5), we obtain the following structure of the inclusive jet production cross section in heavy-ion (PbPb) collisions
Here the first term is given in Eq. (1). The second term is given by
is the LO production cross section for quarks and gluons since J med i is formally already NLO. Ideally, one would like to evolve the in-medium siJFs also using the DGLAP evolution equations in (3). However, in this work we limit ourselves to performing the ln R resummation only for the first term in (16) and we add the second term consistently at NLO.
III. NUMERICAL RESULTS
In this section, we present numerical results for inclusive jet production at NLO+NLL R accuracy in both proton-proton and heavy-ion collisions using the framework outlined in section II. For all numerical results presented in this section, we use the CT14 NLO set of PDFs [44] .
We start by considering inclusive small-R jet production in proton-proton collisions at the LHC. In [9] , we presented a more detailed study of the effects of ln R resummation and we also considered the scale dependence of the cross section. Only very recently, the CMS collaboration presented precise measurements of small-R jets [2] where the jet radius parameter was chosen as R = 0.2, 0.3, 0.4. The jets are reconstructed using the anti-k T algorithm at √ s = 2.76 TeV and |η| < 2. It was shown in [2] that standard NLO calculations are not able to describe the data. The discrepancy becomes larger for small R and low p T . One has to keep in mind that modern sets of PDFs are also fitted to inclusive jet spectra which constrain, in particular, the gluon PDF at large x. However, the jet size parameter R is typically relatively large (∼ 0.7) for the data sets included in these fits. In Fig. 3 , we show results when the resummation of ln R terms is included. We choose the same kinematics as in the CMS analysis and plot the ratio of the NLO+NLL R results normalized by the NLO result for the three different values of R. By comparing with the results shown in [2] , we find that the discrepancy between the theory calculation at NLO and the data for small-R jets is well described when ln R resummation is included. We conclude that ln R resummation is necessary to describe small-R jet data at the LHC. It is, therefore, desirable to work with this proton-proton baseline calculation when considering the modification of inclusive jet spectra in heavy-ion collisions. Having established a framework that can describe the proton-proton baseline, we now turn to numerical results for inclusive jet production in heavy-ion collisions. We consider the nuclear modification factor R AA which is defined as
where N coll is the average number of binary nucleonnucleon collisions. We start by assessing the numerical impact of possible CNM effects and by comparing our results to the ATLAS data of [3] in Fig. 4 . The ATLAS data for the nuclear modification factor R AA was taken at √ s NN = 2.76 TeV and 0 − 10% centrality for |η| < 2.
The jets were reconstructed using the anti-k T clustering algorithm with a jet size parameter of R = 0.4. In this figure, the statistical and systematic errors of the ATLAS data were added in quadrature. We leave the coupling strength g between the jet and the medium as a parameter that can eventually be determined by comparing to data. We choose g = 2.1 as a central value and we obtain a band as shown in Fig. 4 by varying that value of g by ±0.1. Note that the coupling g, and the associated α s = g 2 /(4π), correspond to the vertices shown in Fig. 2 between the Glauber gluons (dotted lines) and the collinear partons. The green band in Fig. 4 shows our SCET G results at NLO+NLL R accuracy without CNM effects. We emphasize again that resummed accuracy is achieved for the vacuum contribution. The medium contribution is consistently included at NLO. The hatched red band shows the same results but with CNM effects. We obtain a good description of the ATLAS data once CNM effects are included. The initial state energy loss considered here corresponds to a momentum exchange scale of µ CNM = 0.35 GeV. See [45] for more details. As mentioned above, we do not include collisional energy loss in this work. Eventually, it is important to clearly disentangle the numerical size of the different contributions of radiative and collisional energy loss mechanisms as well as CNM effects. One possibility is to consider jet substructure observables where CNM effects are expected to only play a marginal role [23] . More detailed studies along these lines will be left for future work.
Finally, we compare our calculations to the CMS measurement of the nuclear modification factor R AA [2] in We show our SCET G based results at NLO+NLL R accuracy for the different values of R using the same color coding. We only show our results with CNM effects and we choose the coupling of the jet and the medium as g = 2.1 ± 0.1 as in Fig. 4 . Again, we find that our calculations describe the data well for both centrality regions within the experimental error bars.
IV. CONCLUSIONS
In summary, we developed a new framework to describe the inclusive production of small-R jets in heavyion collisions. For small-R jets, the all order resummation of single logarithms of the jet radius parameter α n s ln n R has to be taken into account. We consistently calculated both the proton-proton and the heavy-ion jet cross section at NLO+NLL R accuracy. This new results was enabled by the use of the recently developed semi-inclusive jet functions. For the heavy-ion jet cross section, we introduced in-medium semi-inclusive jet functions analogously to the vacuum ones. We calculated the QCD medium contribution using the collinear in-medium splitting kernels derived within SCET G to first order in opacity. We found good agreement with recent experimental measurements from the LHC for the nuclear modification factor R AA of inclusive jets. The calculation outlined in this work sets the stage to address jet substructure observables in heavy-ion collisions in the future. (Semi-) inclusive jet substructure measurements performed on an inclusively measured jet in heavy-ion collisions can now be calculated consistently with the proton-proton baseline. See for example [46, 47] .
